Background: Children with congenital heart disease (CHD) often require noncardiac surgery. We compared outcomes following open and laparoscopic intraabdominal surgery among children with and without CHD. Methods: We performed a retrospective cohort study using the 2013-2015 National Surgical Quality Improvement Project-Pediatrics. We matched 45,012 children b 18 years old who underwent laparoscopic surgery to 45,012 children who underwent open surgery. We determined the associations between laparoscopic (versus open) surgery and 30-day mortality, in-hospital mortality, 30-day morbidity, and postoperative length-of-stay. Results: Among children with minor CHD, laparoscopic surgery was associated with lower 30-day mortality (Odds Ratio [OR] 0.34 [95% Confidence Interval 0.15-0.79]), inhospital mortality (OR 0.42 [0.22-0.81]) and 30day morbidity (OR 0.61 [0.50-0.73]). As CHD severity increased, this benefit of laparoscopic surgery decreased for 30-day morbidity (ptrend = 0.01) and in-hospital mortality (ptrend = 0.05), but not for 30-day mortality (ptrend = 0.27). Length-of-stay was shorter for laparoscopic approaches for children at cost of higher readmissions. On subgroup analysis, laparoscopy was associated with lower odds of postoperative blood transfusion in all children. Conclusions: Intraabdominal laparoscopic surgery compared to open surgery is associated with decreased morbidity in patients with no CHD and lower morbidity and mortality in patients with minor CHD, but not in those with more severe CHD. Level-of-evidence: Level III: Treatment Study.
Numerous intraabdominal operations in children can be performed either open or laparoscopically [7] . Meta-analyses for specific procedures such as laparasocopic appendectomy among healthy children result in less postoperative pain and shorter hospitalization compared to open [8, 9] . However, these studies have typically excluded children with CHD, who may be more vulnerable to the deleterious effects of pneumoperitoneum on cardiopulmonary physiology [10] [11] [12] [13] . Recent studies that reported laparoscopic surgery is safe in children with CHD have been limited to either highly select patient populations, such as infants or single procedures, or single-institution noncomparative series [14] [15] [16] [17] [18] . Therefore, a more generalizable comparison of outcomes of laparoscopic versus open surgery for children with CHD is lacking.
In this cohort study, we compared outcomes of open and laparoscopic intraabdominal surgery among children of all ages with different severities of CHD using data collected in the American College of Surgeons National Surgical Quality Improvement Program-Pediatrics (NSQIP-P). We hypothesized that any mortality and morbidity advantage of laparoscopic over open surgery is attenuated by greater severity of CHD.
Methods

Design and data source
This is a retrospective cohort study using data collected in NSQIP-P from 2013 to 2015. Because the dataset is completely deidentified, this study was determined to be non-human-subjects research and deemed exempt from review by our institutional review board.
The NSQIP-P dataset contains information on children b18 years of age undergoing noncardiac surgery at participating hospitals throughout the United States. The number of participating hospitals increased from 56 in 2013, to 64 in 2014, to 80 in 2015, and include freestanding general acute care children's hospitals, children's hospitals within a larger hospital, specialty children's hospitals, and general acute care hospitals with a pediatric wing. NSQIP-P contains detailed information on demographic characteristics such as age, sex, and race, perioperative characteristics such as case urgency and procedure code, and postoperative complications such as unplanned readmissions, reintubation, and mortality. Data were collected up to 30-days after surgery, although discharge and death data were available if patients were still hospitalized past the 30-day window. Each participating hospital has a full-time, trained and certified surgical clinical reviewer who conducts data entry and routine audits to ensure accuracy, completeness, and precision. NSQIP-P has an overall interrater reliability of 98% [19] . A systematic sampling strategy is employed by each surgical clinical reviewer to reduce selection bias within and between hospitals. Hospitals which had an interrater reliability disagreement rate N 5% and/or 30-day follow-up rate b 80% were excluded per NSQIP-P criteria [19] .
Participants
Children ages 0 to 17 years old who underwent any intraabdominal operation in 2013, 2014, and 2015 were included. Those who were missing an indicator variable indicating laparoscopic or open surgery were excluded.
Exposures
The primary exposure was laparoscopic surgery, which was ascertained using an indicator variable defined by NSQIP-P beginning in 2013. This indicator variable stratified cases into laparoscopic only, combination open/laparoscopic, and open only surgeries. For our primary analysis, laparoscopic and combination open/laparoscopic cases were combined into "laparoscopic surgery". Procedures were identified using Common Procedural Terminology (CPT) codes. Regardless of whether procedures had separate laparoscopic CPT codes or none, the indicator variable was used to stratify laparoscopic from open surgery. To control for potential effects of pneumoperitoneum on outcomes, our analysis was restricted to intraabdominal procedures, leaving 46 total surgical procedures (Appendix Table A .1).
Outcomes
The primary outcome was 30-day mortality. This was chosen for two reasons: first, mortality is a highly pertinent outcome after surgery in high-risk patients; and second, 30-day mortality may more accurately reflect episodes of care and depends less on interhospital differences than in-hospital mortality [20] . Secondary outcomes included inhospital postoperative mortality, defined as any in-hospital death occurring during the same hospitalization after surgery regardless of whether it occurred within the 30-day postoperative window; 30-day postoperative morbidity; and postoperative length of stay (LOS). 30-day morbidity was a composite outcome comprising any 30-day postoperative complication, excluding mortality. These included: surgical site infection (SSI), pneumonia, urinary tract infection, central lineassociated blood stream infection, unplanned reintubation, renal insufficiency, venous thrombotic events, neurologic sequelae (coma, seizure, stroke, nerve injuries), myocardial infarction (MI), sepsis, transfusion (defined as packed or whole red blood cell transfusions from start of surgery to 72 h postoperatively), unplanned readmission, or unplanned reoperation. This composite measure of morbidity, as defined in previous NSQIP-P studies, was chosen because of the expected overall low incidence of individual adverse events [6, 21] . Morbidity outcome events were based on the number of patients experiencing any complication, rather than number of complications per patient. Postoperative LOS was calculated as days of hospitalization from operation until discharge or death.
Covariates
CHD severity was classified as none (absent), minor, major, and severe (Appendix Table A.2. ). These definitions, defined by NSQIP-P, classified CHD severity based on repair status and residual hemodynamic abnormality and have been utilized in other studies of postoperative outcomes in children with CHD [4, 6, 16] .
The following prespecified clinical characteristics were ascertained and included in the multivariate matching to balance cohorts (described below): age at surgery (continuous), sex, race (non-Hispanic white, non-Hispanic black, and other), year of operation, American Society of Anesthesiologists (ASA) physical status class (1, 2, 3, 4, 5) , preoperative ventilator-dependence, preoperative inotrope-dependence, case urgency (elective versus nonelective), weight at surgery (continuous), gestational age at birth (N 36 weeks, 31-36 weeks, 25-30 weeks, b25 weeks, unknown), history of chronic lung disease or bronchopulmonary dysplasia, and number of concurrent procedures (1, 2, N 2).
Operative time was not included as a covariate given its role as an intermediate variable on the causal pathway between our exposure of interest and outcomes, which may induce bias. [22] As part of the hospital agreements with NSQIP-P, no data that could potentially identify individual hospital were included in the released databases; therefore, no hospital-level information was available for analysis.
Statistical analysis
Matching algorithm
Within each stratum of CHD severity, a patient who underwent laparoscopic surgery was matched 1:1 with a patient who underwent the same operation but via open approach. Each pair was exactly matched on the type of operation and also matched on the prespecified covariates, which was done by minimizing the Mahalonobis distance between laparoscopic and open patients using a caliper of 0.1 standard deviations [23] . Matching was done with replacement of patients who underwent open surgery to ensure best matches and maximize analysis of laparoscopic cases [24] . All matches were performed before viewing outcomes [25] . The five most frequently matched operations within each stratum of CHD are shown in Appendix Table A.3. Chi-square and Wilcoxon rank-sum tests compared categorical and continuous variables, respectively. Differences in clinical characteristics between patients who had laparoscopic and open surgery before and after matching were assessed using standardized mean differences (SMD), with values b0.2 deemed acceptable [26, 27] .
Outcome comparison
The associations between laparoscopic surgery and dichotomous outcomes were estimated using three separate conditional logistic regression models for each stratum of CHD severity. Owing to the limited number of outcome events and because cohorts were balanced across covariates after matching, surgical approach was the only independent variable in the models. Tests for trend across strata of CHD severity were performed using likelihood ratio tests of interaction terms for CHD severity and surgical approach.
For postoperative LOS, which is a nonparametric continuous variable, we used generalized estimating equations with clustering on each matched pair and the sandwich robust covariance estimator [28] . Because of missing and negative LOS values, postoperative LOS analyses were performed using complete case analysis in those patients with a postoperative LOS greater than or equal to 0 (signifying outpatient procedure). This smaller cohort constituted 98% of the original matched cohort.
In exploratory analyses, we examined subgroups of postoperative morbidity hypothesized a priori to differ between laparoscopic and open procedures: unplanned readmissions, transfusions, reintubations, MI, and SSI. We also restricted our mortality and morbidity analyses to infants ≤ 1-year-old, as this group may be the most vulnerable to adverse outcomes [14, 16] , and to the most common procedure, initial gastrostomy. As a sensitivity analysis, we restricted analysis to patients undergoing only a single procedure without concurrent procedures, in case of residual confounding or selection bias from the additional procedures. Second, we recoded combination open/laparoscopic cases (which include laparoscopic surgeries that were converted to open) as open surgeries, which constituted 2%-6% of cases within CHD groups, as this may indicate a sudden adverse intraoperative episode such as acute bleeding and lead to worse postoperative outcomes.
All analyses were performed in Stata (v.14, StataCorp LP, College Station, TX) with a two-tailed alpha of 0.05.
Results
Within the 2013-2015 NSQIP-P datasets, 70,133 children met eligibility criteria and were included in the analyses. Of these, 25,045 (35.7%) and 45,088 (64.3%) children underwent open and laparoscopic intraabdominal surgery, respectively ( Table 1) . By CHD severity, 704 (1.0%), 3697 (5.3%), 4102 (5.8%), and 61,630 (87.9%) children had severe, major, minor, and no CHD, respectively. Before matching, significant differences in covariates including age, weight at surgery, ASA class, and baseline ventilator-dependence were noted between open and laparoscopic operations, with laparoscopic surgery performed more often in older, heavier, and healthier children without ventilator-dependence.
After matching, 45,012 pairs were analyzed, of which 355, 1579, 1843, and 41,235 matched pairs were in the severe, major, minor, and no CHD groups, respectively ( Table 2) . Excellent balance was observed across all strata of CHD severity ( Table 2 ). The frequencies of individual outcomes from the matched cohorts are shown in Appendix Table A.4.
The results of the primary and secondary outcome analyses are shown in Tables 3 and 4 . Among children without CHD, laparoscopic surgery was not associated with mortality, but was associated with lower 30-day morbidity (Odds Ratio [OR] 0.88 [95% Confidence Interval (Table 4 ). Larger differences in LOS were seen across increasing CHD severity groups, although the difference was not statistically significant for the minor CHD group.
For the subgroup analysis, the magnitude of the association between laparoscopic surgery and higher unplanned readmissions increased across worsening CHD severity groups (ptrend = 0.02; Table 5 ). Laparoscopic surgery was associated with lower odds of transfusion and SSI in nearly all CHD groups, with no significant trends across CHD severity groups. No trends across CHD groups were observed between laparoscopic surgery and either reintubation or MI, though lower odds of reintubation were associated with laparoscopic surgery in children without CHD. Infants ≤1-year-old constituted 15%, 60%, 73%, and 75% of the none, mild, major, and severe CHD groups, respectively. The mortality and morbidity results did not change substantially when assessing only infants (Table 5) , only gastrostomy patients (Appendix Table A .5), or only single procedures (Appendix Table A .6) . When converted cases were reclassified as open instead of laparoscopic, point estimates of odds ratios for morbidity and mortality were similar to our primary analysis, but trends across CHD severity groups were no longer significant (Appendix Table A .7).
Discussion
In this cohort study of 45,012 matched pairs of children undergoing intraabdominal surgery, we found that severity of CHD is an important determinant of postoperative mortality and morbidity following laparoscopic or open surgery. Laparoscopic surgery was associated with lower 30-day mortality, in-hospital mortality, and 30-day morbidity in children with minor CHD. These benefits were attenuated or absent among children with major or severe CHD. In none of the primary analyses was laparoscopic surgery associated with worse outcomes than open surgery. Rather, these results indicate that although some of the benefits of laparoscopic surgery are lost among children with increasing CHD severity, other specific advantages are maintained. These findings have important implications for joint decision-making and optimizing the safety of children with CHD who require intraabdominal surgery.
Our study has several strengths that differentiate it from prior studies that examined the association between laparoscopic surgery and clinical outcomes. First, we included children of all ages who underwent surgery at hospitals throughout the United States. One previous study that found fewer complications and lower LOS with comparable 30day mortality for laparoscopic versus open surgery included only infants b 1 year of age; the relative effects are unknown in older children [16] . Second, we assessed a large, contemporary cohort undergoing 46 different operations with different severity of CHD. Several other small case series analyzed their single-institution records to show the safety of laparoscopic surgery, but these were limited by low sample size, specific type of CHD (e.g., hypoplastic left heart syndrome), or analysis of a single procedure (e.g., laparoscopic fundoplication) [14, 15, 17, 18] . By considering multiple intraabdominal operations simultaneously, we could assess the safety of laparoscopic surgery in a broader context. Third, we used multivariate matching to adjust for multiple potential measured confounders and therefore provide a less biased estimate of the association between laparoscopic surgery and postoperative mortality and morbidity. Fourth, we performed several subgroup and sensitivity analyses to assess the robustness of our findings. A possible explanation for our primary findings is the different physiologic stress that open surgery and laparoscopic surgery have on children with CHD [29, 30] . Though the stress from laparoscopic surgery is likely less compared to open surgery, the pneumoperitoneum required for intraabdominal laparoscopic surgery may mitigate the benefit achieved from smaller incisions among children with CHD. Among healthy children, this increased intraabdominal pressure (10-20 mmHg) has been shown to reduce cardiac output, increase peripheral vascular resistance, increase peak airway pressures required for proper ventilation, and decrease end-tidal lung volumes for given pressures needed for ventilation [10] [11] [12] [13] . Among healthy children, these physiologic changes are reversed once the abdomen is desufflated. However, for children with CHD, the severity and duration of physiologic effects from pneumoperitoneum remain unknown. In our study, the mortality risk difference between laparoscopic and open surgery was driven more by increases in mortality in the laparoscopy group rather than decreases in mortality in the open group. Thirtyday mortality rates across minor, major, and severe CHD groups rose from 1.4% to 1.7% to 2.8% for open surgery, whereas they rose from 0.7% to 1.3% to 2.3%, respectively, for laparoscopic surgery. These results suggest that a patient's severity of CHD may be related to his or her vulnerability to changes induced by laparoscopy. However, because hemodynamic and pulmonary measures during and after surgery are not recorded in NSQIP-P, this hypothesis remains speculative and warrants prospective study. It is possible that severe CHD simply becomes the driver of postoperative mortality, regardless of surgical approach.
We also demonstrated, as expected, that LOS increased as CHD severity increased, suggesting that the underlying heart disease influences duration of hospitalization after surgery. Within each CHD severity group, even the severe CHD group, we found that laparoscopic surgery was associated with shorter LOS compared to open surgery. However, an association was also found between laparoscopic surgery and more unplanned readmissions, which increased significantly across CHD severity groups ( Table 5 ). This finding emphasizes the tension between LOS and readmissions as quality metrics seen in surgery [31] and impacts patient counseling. Second, laparoscopic surgery was associated with lower odds of blood transfusion within 72 h of the procedure compared to open surgery for all children. This lower risk of transfusion has implications on patient outcomes, as transfusion is independently associated with an increased incidence of 30-day mortality and postoperative infections in children undergoing noncardiac surgery [32] . Since transfusion is innately tied to intraoperative blood loss, laparoscopy should be considered to be associated with less blood loss, although this was not directly measured in NSQIP-P. Third, there was weak evidence that laparoscopic surgery was associated with lower odds of SSI compared to open surgery, especially in the major, minor, and no CHD categories. This is noteworthy given that published risk calculators for SSI using NSQIP-P do not currently incorporate laparoscopic versus open approach [33] . Taken altogether, along with our primary findings, laparoscopic surgery has advantages over open surgery in some, but not all, clinically meaningful surgical outcomes, which importantly appear to be modified by underlying heart disease.
Our study must be interpreted in light of certain limitations. First, as with all observational studies, unmeasured confounding, misclassification of covariates, and bias are possible. One specific example is lack of information on whether a patient had a prior ostomy creation, which could direct whether a procedure is started open or laparoscopic. However, we used multivariate matching to balance the cohorts and performed several subgroup and sensitivity analyses with similar general findings. NSQIP-P also has stringent data measurement and collection to increase validity and reliability. Second, NSQIP-P lacks hospitaland surgeon-level information, which precludes assessment and comparison of hospital and surgeon quality indicators that have been strongly associated with outcomes, including surgical volume [34, 35] , surgical subspecialization [36] , and nursing quality [37] . Individual surgeon experience with a certain approach is also important to surgical outcomes. Additionally, interhospital variation in quality of care is known to influence mortality outcomes [38] . However, the goal of this study was not to identify variation among hospitals or providers, or the processes that might contribute to interhospital differences. Third, the laparoscopic indicator variable could not distinguish between pure laparoscopic versus robotic-assisted laparoscopic operations. However, the physiologic effects and anatomic approach are the same. Fourth, concurrent procedures may vary broadly in severity and complexity, which may affect outcomes. However, the results from sensitivity analysis restricted to single procedures were similar to those of our primary analyses. Lastly, as we restricted our analysis to intraabdominal procedures, our results may not be generalizable to other procedures that can be done by open or laparoscopic means, such as lobectomy. However, including only intraabdominal procedures increased the internal validity of our study. Additionally, given the heterogeneity of patients in our study, our results are likely broadly applicable.
Conclusions
Intraabdominal laparoscopic surgery may be the safer approach in children with minor CHD, but appears comparable to open surgery in those with more severe disease. Benefits in specific outcomes such as transfusion and LOS following laparoscopy must be balanced against disadvantages such as readmissions. Future prospective studies are warranted to validate these findings and elucidate more detailed cardiopulmonary changes associated with laparoscopic surgery to ensure the optimal care of these children. 
